Taxol (paclitaxel), a complex diterpene obtained from the Pacific yew, Taxus brevifolia, is arguably the most important new drug in cancer chemotherapy. The mechanism of cytotoxic action for paclitaxel-i.e., the stabilization of microtubules leading to mitotic arrest-is now shared by four recently identified natural products, eleutherobin, epothilones A and B, and discodermolide. Their ability to competitively inhibit [ 3 H]paclitaxel binding to microtubules strongly suggests the existence of a common binding site. Recently, we have developed nonaromatic analogues of paclitaxel that maintain high cytotoxicity and tubulin binding (e.g., nonataxel). We now propose a common pharmacophore that unites paclitaxel, nonataxel, the epothilones, eleutherobin, and discodermolide, and rationalizes the extensive structure-activity relationship data pertinent to these compounds. Insights from the common pharmacophore have enabled the development of a hybrid construct with demonstrated cytotoxic and tubulin-binding activity.
Taxol (paclitaxel, 1; see Fig. 1 ) is a powerful resource in cancer chemotherapy (1) (2) (3) (4) (5) (6) (7) . It was approved by the Food and Drug Administration in the United States for the treatment of advanced ovarian cancer (1992) and metastatic breast cancer (1994) . Clinical studies on the treatment of other cancers with paclitaxel and closely related synthetic analogues, as well as combination protocols, are being pursued (1) (2) (3) (4) (5) (6) (7) .
Recently, four natural products, structurally dissimilar to paclitaxel, have been found to share its mechanism of action (8, 9) . Epothilones A (2a: R ϭ H) and B (2b: R ϭ Me) (10, 11) , eleutherobin (3) (12) , and discodermolide (4) (13) (Fig. 1) show activities comparable to those of paclitaxel in various assays (11) (12) (13) (14) (15) . These compounds competitively inhibit [ 3 H]paclitaxel binding to microtubules (11, 16, 17) , strongly suggesting the existence of a common binding site. ¶ Clearly, the identification of a three-dimensional pharmacophore common to these structurally diverse agents could guide the selection of the next generation of paclitaxel-like cytotoxic agents. Herein we propose a common pharmacophore for these agents based on their structural correlation to the NMR-defined conformation of the nonaromatic paclitaxel mimic nonataxel (5) .
ʈ The pharmacophore succeeds in explaining the substantial structure-activity relationships (SAR) of these agents and is corroborated by the synthesis of a hybrid construct with demonstrated cytotoxic and tubulin-binding ability.
MATERIALS AND METHODS
Conformational Analysis of Nonataxel and Molecular Modeling. Nonataxel (5) was subjected to conformational analysis using distance constraints based on the cross-peak intensity obtained from the two-dimensional nuclear Overhauser enhancement (NOE) spectroscopy experiment at 4°C in DMSO-
H 2 O) with solvent peak suppression (Fig. 2) , carried out on a Varian INOVA 500-MHz spectrometer. Simulated annealing of several starting structures of 5 (10 cycles each of the following sequence per conformer: equilibration at 1000 K for 2 ps, followed by exponential cooling from 1000 K to 300 K over 10 ps) including the key NOE-based constraints for the C-2 and C-3Ј side chains was carried out (SYBYL 6.4), and the lowest-energy conformer consistent with these NOEs was chosen as the template conformation for the superimposition study.
Several low-energy conformations of epothilone B (2b), eleutherobin (3), and discodermolide (4) obtained from the high-temperature molecular dynamics study (SYBYL 6.4, Tripos force field, charges calculated by the Gasteiger-Hückel method) were compared with the template conformation of 5. It should be noted that the purpose of this study was not to obtain a statistical distribution of the various possible overlays, but to arrive at the best fit that generally satisfied the vast existing SAR and structural data for these compounds.** Numerous overlay modes were generated, starting from these
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Abbreviations: SAR, structure-activity relationship(s); NOE, nuclear Overhauser enhancement. † To whom reprint requests should be addressed. e-mail: iojima@ notes.cc.sunysb.edu. ¶ We note that, recently, the structure of the ␣␤-tubulin dimer incorporating a paclitaxel molecule by electron crystallography of zincinduced tubulin sheets was reported with 3.7-Å resolution [see Nogales et al. (29) ]. A proposal for the tubulin-bound structure of paclitaxel, however, was not conclusive because of insufficient resolution. If a highly reliable refined crystal structure of tubulin-bound paclitaxel becomes available, docking experiments of these microtubule-stabilizing drugs with the protein binding pocket can be performed to define their common pharmacophore. In the absence of such reliable information, our approach is directed toward identifying common structural features among these drug molecules that correlate for their tubulin-binding ability. ʈ Prior preliminary studies on the common pharmacophores for nonataxel, paclitaxel, epothilones, and discodermolide have been presented at (i) the 214th American Chemical Society National Meeting, Las Vegas, NV, Sept. 7-11, 1997, by S. Chakravarty and I. Ojima, abstr. MEDI 75; and (ii) the 215th American Chemical Society National Meeting, Dallas, TX, March 29-April 2, 1998, by S. F. Victory, G. L. Grunewald, and G. I. Georg, abstr. MEDI 187. **The proposed bioactive conformation of epothilone B was obtained through the template forcing protocol (DISCOVER 95.0), using the whole southern region of the nonataxel structure derived from the NOEconstrained molecular dynamics as the template. This structure is among the lowest-energy conformers generated through this operation, albeit not the global energy minimum structure. It is worth mentioning that the hypothetical bioactive conformation of epothilone B thus obtained is found to be very close to its x-ray crystallographic structure [see Höfle et al. (30) ], and only slight deviation is observed at the orientation of the lactone carbonyl. For eleutherobin, the molecular dynamics calculations were carried out without any constraint because of its highly rigid structure except for its side chains. The positions of the two side chains at C-3 and C-8 were defined by using the t-Boc group at C-3Ј-N and the acetyl group at C-10, respectively, as key positions in the template forcing operations.
conformers, that were optimized with template forcing studies [DISCOVER 95.0, consistent valence force field (CVFF)]. † † To refine the structures resulting from the template forcing procedure, the models were subjected to restrained and unrestrained molecular dynamics (SYBYL 6.4, Tripos force field using Gasteiger-Hückel charges), typically for 100 ps for each conformer at 1000 K with sampling at every 1 ps, followed by dynamics at 300 K for 5 ps for each sampled conformer. Each of these conformers was then minimized and the resultant low-energy conformers within the range of 10 kcal͞mol were reevaluated for overlay with the template nonataxel conformation. Similar analysis was performed for the overlay mode proposed by Winkler and Axelsen (18) for paclitaxel and epothilone B (see below). Synthesis of Hybrid Construct 6. Fig. 3 outlines the synthesis of hybrid construct 6 starting from 7,10,13-tri-TES-1,2-carbonate baccatin 7. Nucleophilic ring-opening of the carbonate moiety of 7 by using the Grignard reagent from 2-allyloxyphenyl bromide yields baccatin 8 in 79% yield. Deprotection of the TES groups with HF͞pyridine, followed by reprotection at the 7-position with TES and acetylation at the 10-position, gave baccatin 8 in 56% yield over three steps. Coupling of baccatin 9 with ␤-lactam 10, obtained in good yields and high enantiomeric excess by the previously published procedure (6, 19) , provided coupling product 11 in 64% yield. The ring-closing metathesis of 11 with Ru-benzylidene complex in CH 2 Cl 2 (1 mM) proceeded smoothly to afford the protected 18-membered macrocycle as the pure E isomer, which afforded hybrid construct 6 on deprotection with HF͞ † † While we used two different force fields-i.e., Tripos (SYBYL 6.4) and CVFF (DISCOVER 95.0)-all energy optimizations were performed with the Tripos force field. CVFF was used only for template forcing operations. 
RESULTS AND DISCUSSION
Nonataxel (5) is a nonaromatic paclitaxel mimic lacking the conventional N-benzoylphenylisoserine side chain at the C-13␣ hydroxyl of baccatin III and the benzoyl ester at the C-2␣ hydroxyl group. Despite its structural difference, nonataxel exhibits 2-to 8-fold higher activity than paclitaxel in various cytotoxicity assays (7) and at 10 M enhances tubulin polymerization to the same extent as paclitaxel at that concentration. Nonataxel, in contrast to paclitaxel, is amenable to a conformationally defining NMR analysis. High-temperature restrained molecular dynamics (RMD) study (SYBYL 6.4, Tripos) on nonataxel, maintaining distance restraints obtained from the two-dimensional NOE spectroscopy experiments in DMSO-d 6 ͞D 2 O (3:1) revealed a very specific relative orientation of the C-3Ј and C-2 alkenyl side chains for the major conformation of nonataxel. The solution conformation of nonataxel differs only slightly from the previously described conformation of paclitaxel (20-23) (see Fig. 4a ) in terms of a greater compactness of the hydrophobic clustering of the side chains. It was expected that the nonaromatic groups in the nonataxel template would allow for better mapping to the ring systems of 2 and 3.
First, we modeled relationships of the epothilones with nonataxel. The high temperature molecular dynamics (MD) study of epothilone B (SYBYL 6.4) revealed several low-energy conformers that were evaluated with regards to superimposition with the template conformation of nonataxel. A combination of template forcing (DISCOVER 95.0, Molecular Simulations), restrained molecular dynamics, and unrestrained energy minimizations (SYBYL 6.4) on these conformations were used to iteratively refine a large number of overlays to obtain the best fit.** Fig. 4b illustrates the excellent topological homology between epothilone B (2b) and nonataxel (5). The C-1 to C-6 segment of 2b corresponds to the ''southern'' hydrophobic surface that interacts at the tubulin-binding site, and the C-15 side chain is seen to correspond with the t-Boc group at C-3ЈN of 5. The essential feature of the proposal is the excellent overlap of (i) the C-2 3-methyl-2-butenoate and C-3Ј 2-methyl-1-propenyl substituents of 5 with the epothilone macrolide core, and (ii) the C13-N-t-Boc moiety with the thiazole ring side chain.
The observed structural homology between epothilone B and nonataxel in fact nicely accommodates the vast SAR data that have been accumulated for the former. For example, inversion at C-3, reduction at C-5, or removal of functionality at any of the positions from C-3 to C-8 in epothilone results in abrogation of both cytotoxicity and tubulin-binding ability (24) . The sensitivity of this region to structural alteration accords well with its overlay with the highly sensitive C-3Ј and C-2 alkyl substituents of nonataxel. The ring conformation of epothilone B may potentially be stabilized by hydrogen bonding between the C-1 carbonyl oxygen and C-3 hydroxyl hydrogen, which could logically explain the loss of activity observed on epimerization at the C-3 position (24) . Similarly, the deleterious consequence of excision of the C-9 methylene (producing a 15-membered macrolide) is consistent with the anticipated change in conformation. The previously demonstrated need for the thiazole sector is well accommodated by the proposed common pharmacophore, since the aryl sector of 2 overlays with the critical C-13 acyl side chain. Also, deletion of the olefin spacer, between the aryl and the macrolide sectors, results in a predictable loss of activity. The C-12 methyl group in epothilone B is not defined in a clear way as part of the common pharmacophore. In practice, it can be deleted (compare epothilone A) or further extended to a propyl group while retaining good cytotoxicity (24) .
An important triumph of the proposed common pharmacophore is that it accommodates the nonessential nature of the C12-C13 epoxide in the epothilones. Thus, this oxido oxygen points away from the overlapping structural terrain and is therefore not central to the tubulin-binding cytotoxicity phenomena. In fact, the 12,13-desoxy version of epothilone B is showing a far more promising profile of in vivo activity than either 2b or paclitaxel (25, 26) . Similarly, the more severely distorted 12,13-(E) analogue of 12,13-desoxyepothilone B also retains excellent tubulin-binding activity. Next, we turned our attention to the structural homology between eleutherobin and nonataxel. As Fig. 4c shows, the tricyclic 4,7-oxaeunicellane core of eleutherobin fits neatly into the cavity between the baccatin core and the southern hydrophobic surface of nonataxel. The largely hydrophobic C-8 to C-14 segment of eleutherobin traces the southern hydrophobic surface, whereas the C-8 N-(6Ј)-methylurocanic acid ester side chain closely corresponds to the t-Boc group at C-3ЈN of the C-13 side chain of nonataxel. Two essential points are immediately recognized: (i) the overlap for the C13-N t-Boc with the C-8 N-(6Ј)-methylurocanic acid ester side chain, and (ii) the potentially nonessential role played by the C-3 sugar side chain, which overlays with the baccatin core rather than the essential pharmacophore of nonataxel.
Again, the pharmacophore proposal accommodates the preliminary SAR data available for eleutherobin from these laboratories (27) . For example, replacement of the L-arabinose moiety with a simple acetyl group or the D-arabinose moiety (neo-eleutherobin) results in compounds that retain tubulin polymerization ability as well as significant, albeit reduced, cytotoxicity (27) . Nicolaou and co-workers have also recently reported sarcodictyings-i.e., sugar-free eleutherobin analogues-with tubulin polymerization abilities comparable to those of paclitaxel, the epothilones, and elutherobin (28) . In sharp contrast to the C-3 modifications, the deletion of the C-8 side chain results in abrogation of tubulin polymerization ability and diminution of cytotoxic potency by nearly three orders of magnitude (27) . These results clearly indicate the critical role of the C-8 side chain, and the expendability of the C-3 sugar moiety, in complete agreement with the common pharmacophore.
Modeling studies of discodermolide (4) have shown it to be a very flexible structure. Given the flexibility of the discodermolide system, the selection process required to interface with our model is somewhat arbitrary. However, we can readily identify a conformation that adheres to our common pharmacophore. The overlay of this conformation with nonataxel (5) (Fig. 4d) shows the efficient overlay in the southern hydrophobic surface traced by the C-11 to C-19 fragment of 4. The C-20 to C-24 diene-containing moiety of 4 overlays nicely with the C3Ј-N-t-Boc group of 5. Although not conclusive, this overlay suggests that discodermolide generally conforms to the common pharmacophore proposal. Fig. 4e summarizes the overlays of paclitaxel, nonataxel, epothilone B, and eleutherobin, which facilitates visualization of our proposed pharmacophore. One other pharmacophore hypothesis for epothilone B and paclitaxel had previously been reported (18) . Our pharmacophore proposal uniquely succeeds in explaining the key structural requirements for the biological activity of paclitaxel-i.e., the C-2 benzoate and the two C-13 side-chain elements, (i) the C-3Ј-N-benzoyl that crucially overlaps with the necessary thiazole (or similar aromatic moiety) of epothilone, and (ii) the C-3Ј phenyl group. In this regard, the previously reported model (18) does not explain the critical nature of the C-3Ј phenyl group toward the tubulin binding and cytotoxicity of paclitaxel, and it places undue importance on the nonessential C-10 acetyl group. At the same time, our proposal also accounts for the activity of sugar-deletion analogues or C-8 side-chain analogues of eleutherobin. Most importantly, our proposal logically suggests the linkage between the C-3Ј phenyl group and the C-2␣ benzoyl group that has allowed us to validate our model through manufacture of an active hybrid construct described below.
Our model paves the way for designing the third-generation taxoids that could be essentially baccatin-free, or ''hybrids'' integrating the structures of paclitaxel and the new antitumor agents. The ring systems of eleutherobin and epothilone B clearly suggested that the nonataxel C-2 and C-3Ј substituents can be linked to create a conformational constraint (Fig. 5) . On the basis of the model, we have designed and synthesized cytotoxic hybrid constructs containing 16-, 17-, or 18-membered macrocycles.
Indeed, by this thinking we were led to synthesizing compound 6 (SB-TE-1120). This construct exhibited submicromolar level IC 50 values (0.39 M against the human breast cancer cell line MDA-435͞LCC6-WT) and 37% activity as compared Chemistry: Ojima et al.
Proc. Natl. Acad. Sci. USA 96 (1999) with paclitaxel in the tubulin polymerization assay. Fig. 5 shows the overlay of construct 6 with nonataxel, demonstrating good overlay in the region corresponding to the C-2␣ substituent although the overlay near the C-3Ј position, including the C-3Ј-N-t-Boc group has not reached a desirable level. Although details of the synthesis and SAR of these compounds will be published elsewhere, it is relevant to this discussion to note that the cytotoxicity and tubulin-binding ability of these compounds show high sensitivity to steric bulk of the substituent at the C-2␣ position (as observed in the nonaromatic taxoid series (7)), size and f lexibility of the macrocycle, and presence of heteroatom(s) in the lower surface of the macrocycle (corresponding to the electron density on the lower surface of epothilone B). The preliminary SAR data for this series of compounds are thus highly consistent with the common pharmacophore model, thereby supporting the predictive power of our proposal. ‡ ‡ Further improvement in design will facilitate development of the next generation of tubulin-directed anticancer agents based on this approach.
